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1 Many risk assessment scientists would argue th
always been an integral part of risk assessment, but few
increased emphasis on this aspect of the overall effort
Open access under CC BYThe need to remediate contaminated soils is typically accomplished by applying standard risk assessment
methods followed by risk management to select remedial options. These human health risk assessments
(HHRAs) have been largely conducted in a formulaic manner that relies heavily on standard deterministic
exposure, toxicity assumptions and ﬁxed mathematical formulas. The HHRA approach, with its tradi-
tional formulaic practice, does not take advantage of problem formulation in the same manner as is done
in ecological risk assessment, and historically, has generally failed to emphasize incorporation of site-spe-
ciﬁc information. In response to these challenges, the National Academy of Sciences recently made sev-
eral recommendations regarding the conduct of HHRAs, one of which was to begin all such assessments
with problem formulation. These recommendations have since been extended to dose response assess-
ment. In accordance with these recommendations, a group of experts presented and discussed ﬁndings
that highlighted the importance and impact of including problem formulation when determining the
need for remediation of dioxin contamination in soils, focusing in particular on exposure assessment is
described.
 2013 Elsevier Inc. Open access under CC BY-NC-ND license.1. Introduction
Problem formulation, ﬁrst developed for ecological risk assess-
ment (e.g., US EPA, 1998a) and subsequently adopted for cumula-
tive human health risk assessments (HHRAs) (e.g., US EPA, 2003a),
has become a systematic planning step for identifying the major
factors to be considered in a particular assessment. Especially
important, is the issue of problem formulation around relevant
exposure pathways and how one assesses their actual impact on
risk (NAS, 2009).
A robust problem formulation outcome will greatly assist asses-
sors, managers, and interested parties in identifying the most log-
ical risk-management options for protecting human health (NAS,
2009). Problem formulation has become the stated1 foundation
for risk assessment and is applicable to other aspects of risk assess-llence for Risk Assessment,
USA. Fax: +1 513 542 7487.
at problem formulation has
would question the value of
to assess risk.
-NC-ND license.ment, such as dose–response assessment. On a more tactical level,
the key question is how problem formulation augments and im-
proves the current ‘‘cookie-cutter’’ manner in which risk assess-
ments have historically been conducted in the past (i.e., plugging
in default deterministic exposure assumptions into standard algo-
rithms and calculating a risk number that contains substantial
uncertainty).
The most widely used approach for assessing potential human
health risks associated with contaminated soils is to use determin-
istic values (i.e., single point estimates). Site-speciﬁc data for each
of these input parameters would presumably impart less uncer-
tainty in the risk characterization but site-speciﬁc data are often-
times unavailable, impossible to obtain, too costly, or take too
long to obtain. For some soil contamination concerns, when there
is the potential for food to be grown or raised on contaminated soil,
it is the food exposure pathway that is of interest. Probabilistic
methods could be applied and would allow one to develop infor-
mation on variability and uncertainty in exposure and risk esti-
mates. Sometimes, as in the case of lead-contaminated soil,
toxicokinetic models can be employed (US EPA, 2002a) or biomon-
itoring data can be obtained. To this point, a number of studies
Table 1
Soil screening values for TEQs in soil.
Year Agency Value
(ppb)
Note⁄ Refs.
1984 USDA 1 Reasonable action level based on
risk and analytical limitations
Kimbrough
et al. (1984)
1998 US EPA 1 Residential exposure
(CR = 2.5  104)
US EPA
(1998b)
5–20 Worker exposure (CR = 1.3–
5.2  104)
1999 ATSDR 1 Action level De Rosa
et al. (1999)
2009 US EPA 0.0037 Residential exposure
(CR = 1  106)
US EPA
(2009a,b)
0.017–
0.037
Worker exposure (CR = 1  106)
0.072 Residential exposure (HI = 1)
0.95–
2
Worker exposure (HI = 1)
CR – cancer risk; HI – hazard index.
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contaminated soil. For dioxin-contaminated soil, a generalization
taken from such biomonitoring studies is that soil exposure does
not constitute a completed exposure pathway, since blood levels
of residentially exposed populations do not differ from controls
after adjustment for body mass index, age, and sex. In contrast,
food pathways affected by dioxin contamination, can slightly in-
crease blood levels over blood levels attributable to background
exposures (Garabrant et al., 2009a; Tohyama et al., 2011; Kimb-
rough et al., 2009; Pirard et al., 2005; Karouna-Renier et al.,
2007; Dahlgren et al., 2007; Aberg et al., 2010; Riss et al., 1990).
To explore problem formulation in the context of soil exposure
and risk assessment, a scientiﬁc session, focusing speciﬁcally on di-
oxin-contaminated soil as a case-study, was held at the 37th An-
nual Summer Meeting of the Toxicology Forum in Aspen,
Colorado, July 10–14, 2011. The soil session presentations covered
ﬁve related problem formulation issues. Speciﬁcally:
 Options for theoretical risk assessment approaches available for
characterizing exposure and risks from dioxin-contaminated
soil.
 Use of toxicokinetics to improve soil exposure estimates and
risk assessment.
 Regulatory approach to characterizing and mitigating exposure
and risk at dioxin contaminated sites.
 Assessment of exposures to dioxins in residents, including chil-
dren, living near a dioxin-contaminated soil site based on
biomonitoring.
 Role of dioxin contamination in soil and house dust in relation
to the body burden of dioxins which adopts the use of biomon-
itoring data as an important additional component to standard
risk assessment approaches.
This paper proposes an exposure assessment, problem formula-
tion framework to go beyond the simple deterministic methods
currently employed in assessing contaminated soil exposures and
risk. The full report from this meeting is available at http://
www.tera.org.2. The range of theoretical risk assessment approaches for
characterizing exposure and risks from dioxin-contaminated
soil
Mr. Christopher Kirman, Summit Toxicology, LLP, Orange, OH, USA
Soil Screening Values (SSVs), e.g., Preliminary Remediation
Goals (PRGs), Risk-Based Concentrations (RBCs), Soil Screening
Levels (SSLs), and Direct Contact Criteria (DCC), are essentially risk
assessment calculations performed in reverse (i.e., solving for soil
concentration based on a speciﬁed degree of risk or hazard). For
example, US EPA deﬁnes PRGs as ‘‘. . .concentration goals for individ-
ual chemicals for speciﬁc medium and land use combinations’’ (US
EPA, 1991a). SSVs for 2,3,7,8-tetrachlorodibenzo(p)dioxin (dioxin
or TCDD) toxic equivalents (TEQs) have been calculated by multi-
ple regulatory agencies over the past three decades (Table 1). Most
recently, US EPA (2009a) has proposed interim PRG values that are
orders of magnitude lower than the values previously adopted by
the agency.
Based on the NAS (2009) recommendations for advancing risk
assessment that placed emphasis on problem formulation, the im-
pact of including a problem formulation step in the soil screening
methodology for polychlorinated dibenzo(p)dioxins/furans (PCDD/
Fs) has been examined and an example SSV derivation that incor-
porates site-speciﬁc information and Monte Carlo methods is
summarized.Brieﬂy, key aspects for PCDD/Fs problem formulation for HHRA
are as follows:
 Temporal trends – PCDD/Fs are ubiquitous in the environment
and in human tissues. However, available data on emissions,
environmental and food levels, and human body burdens of
dioxins in the general population indicate a several-fold reduc-
tion in exposures and body burdens in the general population
over the three decades from 1970 to 2000 (Hays and Aylward,
2003).
 Exposure pathways – The default assumption in soil screening
assessments is that direct contact with soil reﬂects an impor-
tant exposure pathway. However, for background exposures
to PCDD/Fs in the U.S., dietary pathways (meat, ﬁsh, dairy,
etc.) contribute greater than 90% of total exposure, while expo-
sures to PCDD/Fs in soil represent a minor pathway (along with
water ingestion, inhalation of air, and vegetable fat intake in
‘‘other’’ pathways) (Lorber et al., 2009).
 Dose measures – The default approach for soil screening risk
assessment is to assess exposures and toxicity in terms of exter-
nal dose (e.g., mg/kg-day). However, persistent chemicals such
as PCDD/Fs are best assessed using an internal dose measure
such as tissue or body burden, which reﬂects both past and
recent exposures.
 Populations at risk – By default, early-life exposures (i.e., typi-
cally ages 0–6 years for child resident, 0–30 years for a child/
adult resident) serve as the focus of soil screening assessments.
However, based upon the mode of action for cancer endpoints
(i.e., tumor promotion), late-life exposures are expected to be
more important, in which case a more appropriate 30-years
period would correspond to ages 45–75 years. For reproduc-
tive/developmental endpoints, a more appropriate 30-year per-
iod to assess would be reproductive years (i.e., 20–50 years of
age).
Three distributions (nonlinear cancer, linear cancer, noncancer
of SSVs) were calculated using Monte Carlo methods (Fig. 1). As
shown in this ﬁgure, the US EPA’s proposed and previously used
SSVs for PCDD/Fs fall below the ﬁrst percentile for all three distri-
butions, suggesting that the 1 ppb [or 1000 parts per trillion (ppt)]
value is health protective.
Using current SSV methodology, along with site-speciﬁc data
for Midland, MI, best available scientiﬁc information and tools, a
SSV of 1 ppb for PCDD/Fs remains protective of human health for
cancer and noncancer endpoints (Kirman et al., 2011). However,
without including a proper problem formulation step, risk man-
agement decisions based upon soil screening methodology may
Fig. 1. Comparison of Soil Screening Value distributions from Kirman et al. (2011) with point estimate values from US EPA (2009a,b).
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decisions without any discernible impact on human health risks.
3. Using toxicokinetics to improve soil exposure and risk
assessment
Dr. Laurie Haws, ToxStrategies, Inc., USA
The traditional approach employed by the US EPA to address
sites with contaminated soils involves developing soil cleanup lev-
els (i.e., PRGs) based on conservative default equations and input
parameters that are typically deterministic. This traditional ap-
proach for calculating soil PRGs is based on an intake dose (mg/
kg-day). However, internal or target tissue dose, rather than intake
dose, is the preferred dose metric for evaluating exposure to persis-
tent chemicals that bioaccumulate. In this study, we used TCDD as
a case study for developing soil cleanup levels based on internal
dose, as it is widely accepted that internal dose is the most appro-
priate dose metric for dioxin-licke chemicals (DLCs).
Health-protective serum concentrations were developed based
on toxicological benchmarks that reﬂect the best available science
– a cancer-based oral RfD of 100 picogram (pg)/kg-day (Simon
et al., 2009) and the tolerable daily intake (TDI) of 2.3 pg/kg-day
recommended by the JECFA/WHO panel to protect against both
cancer and noncancer endpoints (JECFA, 2001; EFSA, 2004). Since
these health-based toxicological benchmarks represent safe or
acceptable levels, then it stands to reason that the resulting serum
concentrations that are predicted when these toxicological bench-
marks are evaluated in the PBPKmodel represent health-protectiveTable 2
Problem formulation in soil screening assessment.
Exposed
population
Exposure pathway
Direct contact with soil Dietary
Children Default focus of soil screening assessment methodology
(with exposures assessed in terms of administered dose)
Adults and
elderly
Based on
exposure
makingserum concentrations. The serum concentrations predicted for
each of the dioxin soil concentrations were then compared directly
to the health-protective serum concentrations to determine if the
soil concentration is, in fact, protective of human health and, there-
fore, would be adequate as a soil PRG. Resulting serum concentra-
tions were also compared to the biomonitoring equivalent (BE) of
40 ppt (TEQ) in serum for TCDD (Aylward et al., 2008).
The PBPK model demonstrated that exposures to DLCs in soils
contributed very little to serum levels, even at soil concentrations
of up to 2000 ppt, relative to the background sources of exposure
included in this assessment. This ﬁnding is consistent with ﬁndings
of recent community exposure studies (Garabrant et al., 2009a;
Diliberto et al., 2010; Demond et al., 2011) where investigators
found similar serum concentrations in both potentially exposed
and unexposed individuals, indicating that soil exposures have lit-
tle impact on body burden. Our ﬁndings are also consistent with
PBPK modeling conducted by the US EPA to evaluate exposures
to DLCs in Midland, MI, as part of the Agency’s review of UMDES
(US EPA, 2009b).
For the cancer-based analyses, the lifetime average serum lipid
concentrations (LASLCs) associated with exposures to DLCs in soils
at concentrations up to 2000 ppt were below the LASLCs associated
with the cancer-based RfD and the JECFA TDI as well as below the
BE. Similarly, for the noncancer-based analysis, the serum forecasts
associated with exposures to DLCs in soil were generally below the
serum forecast associated with the JECFA TDI, and exposures to
DLCs at a concentration of 1000 ppt generated a serum forecast
that was the most similar to that of the draft US EPA RfD.problem formulation, the focus for screening level assessments for PCDDs (with
s assessed in terms of internal dose) should be placed here to support decision
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based on the appropriate dose-metric. For DLCs, PRGs should be
based on an internal dose rather than on an intake dose. Our anal-
yses demonstrate that the recommended interim soil PRG for DLCs
of 1000 ppt that has been in place since the mid 1990s is, in fact,
adequately protective of both cancer and non-cancer health effects.
4. Regulatory approach to characterizing and mitigating
exposure and risk at dioxin contaminated sites
Dr. Susan Grifﬁn, US EPA Region 8, USA
When characterizing exposure and risk to people from dioxin
contaminated hazardous waste sites, the US EPA Superfund pro-
gram follows a risk assessment process, which consists of:
 development of a site conceptual model (SCM),
 selection of contaminants of concern,
 exposure assessment,
 toxicity assessment,
 risk characterization.
The SCM is a graphical illustration of where the contamination
originates, how it moves through the environment, and how hu-
mans come into contact with the contaminated media. It illustrates
which exposure pathways are signiﬁcant and complete, guides the
data collection efforts, and illustrates where remedial efforts will
be most successful. Fig. 2 shows a SCM for the Da Nang Airbase
in Vietnam where soils were contaminated with Agent Orange
and herbicides. Surface water run-off and wind erosion transported
dioxins and furans into nearby lakes and neighborhoods. Residents
and workers were exposed to dioxins via contaminated ﬁsh, aqua-
tic plants, sediment and soils.Fig. 2. Site conceptual model for soils contaminated with Agent Orange and hIf the environmental or biological media collected are analyzed
for a large number of analytes, it is useful to conduct a screen to
reﬁne the number of contaminants of concern to be evaluated in
the baseline risk assessment. This screen may include a compari-
son to background levels, conservative risk-based screening levels
(RBSLs) (US EPA, 2011), or an evaluation of detection frequency
and essential nutrients. Because the RBSL for TCDD is so low (i.e.,
4.5 ppt) (US EPA, 2011), it is useful to include a comparison to
anthropogenic background for dioxins and furans. Fig. 3 shows a
comparison of dioxin-contaminated soils at the Rocky Mountain
Arsenal in Denver, CO (on post areas A and B) to background soils
collected from agricultural, residential, industrial and open space
areas around the Denver area. The off-site samples ranged from 0
to 103 ppt TEQ (mean: 7.3 ppt). The on-site soils ranged from 0.1
to 93.8 ppt TEQ (mean: 7.0 ppt). The statistical evaluation con-
cluded that the dioxin levels at the Rocky Mountain Arsenal were
not statistically different from background levels.
Site-speciﬁc exposures are estimated for all complete and sig-
niﬁcant pathways identiﬁed for each person in the SCM and for
each contaminant of concern identiﬁed in the screening process.
Site-speciﬁc data are used whenever they are available to estimate
exposures for both the average and high end (or reasonably maxi-
mum exposed) individual. When comparing the results of modeled
exposures to measured biological data it is useful to understand
the full distribution of exposures and not just a single estimate. If
site-speciﬁc data are not available, default exposure assumptions
are used (US EPA, 1991b, 1997). One of the most important inputs
in an exposure assessment is the amount of a contaminant that a
person is exposed to over a speciﬁed time period. Typically, US
EPA assumes that a person is exposed to the average contaminant
concentration within the spatial area they come into contact with
over a 30–70 year period, an input that represents the 95th uppererbicides at the Da Nang Airbase in Vietnam (Hatﬁeld Consultants, 2009).
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Fig. 3. Comparison of dioxin-contaminated soils at the Rocky Mountain Arsenal in Denver, CO, to background soils around the Denver area (US EPA, 2002b).
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centrations in a deterministic assessment. In a probabilistic assess-
ment, this is represented by a distribution of the variability around
the arithmetic mean concentration.
The estimated site-speciﬁc exposures are evaluated against
cancer and non-cancer chemical-speciﬁc toxicity values to de-
rive risk estimates. US EPA (2012) published in the IRIS data-
base an oral RfD of 0.7 pg/kg-day for TCDD which addresses
non-cancer health effects from oral exposures. EPA recommends
that the RfD be used to assess risk and establish exposure lev-
els that are protective of human health. Since TCDD typically
occurs in environmental media with other DLCs, a Toxicity
Equivalency Factor (TEF) approach for dioxins, furans, and DLCs
(US EPA, 2010) should be used to estimate total dioxin TEQs.
Use of the new RfD results in generic cleanup goals of 50 ppt
dioxin TEQs in residential soils and 665 ppt dioxin TEQs in
commercial and industrial soils. Since the US EPA cancer toxic-
ity values are undergoing reassessment and are not available on
the IRIS database, many regulatory agencies use the cancer
slope factor from the California EPA database for TCDD (OEHHA,
2011) to inform their decision making and remedial decisions.
When remediating a dioxin-contaminated site, the remedial
strategies should be consistent with the original site conceptual
model and directed towards blocking or removing the complete
and signiﬁcant pathways of exposure identiﬁed in the site con-
ceptual model. This approach is more likely to effectively miti-
gate exposures in the current and future populations at a site.5. Dioxins and related compounds in the blood of children and
adults in a dioxin-contaminated area in Tokyo
Dr. Chiharu Tohyama, University of Tokyo, Japan
In 2005, a piece of land in Kita City, Tokyo, that had been used as
a chemical factory, and later as school ground, was found to con-
tain dioxins, namely, polychlorinated dioxins, furans and dioxin-
like biphenyls (Tohyama et al., 2011). Further investigations
around this area revealed that the land adjacent to a large apart-
ment complex (approximately 5000 families and 10,000 habitants)was contaminated with dioxins. The dioxin levels exceeded the
environmental guideline (1000 pg TEQ/g) by up to 6.8 times. This
is the very ﬁrst case in Japan that soil contamination with dioxins
was found in a residential area and playground for children who
may be exposed to the compounds by handling the soil directly.
This incident generated much anxiety in the community. A study
was therefore conducted to investigate (1) the association between
blood dioxin concentrations and contaminated soil in terms of con-
gener/isomer patterns and (2) the possible relationship of feeding
mode, i.e., breast milk and/or formula milk with blood dioxin con-
centrations in children. A total of 138 subjects (52 males and 86 fe-
males) participated in the study. The ages of the men and women
ranged from 3 to 36 years (mean: 13.9 years) and 3–62 years
(mean: 22.9 years), respectively. There were 66 children, ages 3–
15, and 23 of these children were considered to be exposed to diox-
ins via soil at the nursery playground. The children were classiﬁed
into three groups according to their habit of playing with soil as
well as the chance of taking soil into the mouth: 3–6 years old,
7–15 years old, and 616 years old. The children were further di-
vided into three groups: children who were fed breast milk only,
breast milk and formula in combination, and formula only, to
determine whether breast milk or formula affects the concentra-
tion of dioxins in children during their growth.
The soil samples from the contaminated area were found to
have a unique feature of PCDFs as an overwhelmingly predominant
component compared with the blood samples. The congener anal-
yses of dioxins and related compounds showed that the soil had
larger amounts of tetrachlorodibenzofurans (TeCDFs), penta-
chlorodibenzofurans (PeCDFs), and hexachlorodibenzofurans
(HxCDFs) on a mass basis and also on a TEQ basis than the blood,
while the blood had large amounts of octachlorodibenzo-p-dioxin
(OCDD) on a mass basis, and PeCDD, HxCDDs, PeCDFs and HxCDFs
on a TEQ basis than the soil. The means and SEMs of blood dioxin
concentrations (pg/g-lipid) of children 3–6 years old, 7–15 years
old, and 616 years old were 13 ± 1.9, 6.6 ± 0.65, and 10 ± 0.54,
respectively. Based on the feeding mode of children, blood dioxin
concentrations were 17 ± 2.9 for breast milk only, 7.4 ± 0.82 for
both breast milk and formula, and 4.7 ± 1.1 for formula only, with
a signiﬁcant difference from one another.
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ships between blood concentrations of dioxin and related com-
pounds in children and the period of living in this area, period of
attendance at a day-care nursery, and the frequency of soil con-
tacts. Based on the results, people who lived in the dioxin-contam-
inated area were less likely to be exposed to excessive amounts of
dioxins and the blood dioxin concentrations of children aged 3–
15 years seem to be strongly affected by the duration of breast
feeding with a signiﬁcantly rapid elimination after weaning.Fig. 4. Plot of serum TCDD by age for 946 study participants. Orange dots represent
subjects who lived in Midland/Saginaw at interview (2005) and during 1960–1969.
Red dots represent subjects who lived in Midland/Saginaw at interview (2005) but
not during 1960–1979. Blue dots represent subjects who lived in Jackson/Calhoun
at interview (2005). Lines show the relationship between age and serum TCDD for
these three groups, indicating that red and blue dots have virtually identical
relationships between age and serum TCDD. Orange dots have a signiﬁcantly higher
slope (p < 0.001).6. Dioxin exposure in Michigan residents exposed to
contaminated soils
David H. Garabrant, MD, MPH, University of Michigan, USA
The University of Michigan Dioxin Exposure Study (UMDES)
was undertaken to address concerns that dioxins PCDDs and PCDFs
released from the Dow Chemical Company over the past 100 years
have led to increased body burdens of these compounds in resi-
dents of Midland and Saginaw Counties, Michigan, USA. Soils in
Midland downwind of the Dow facilities are contaminated with
dioxins having a congener proﬁle that is rich in PCDDs, while soils
in the ﬂoodplain of the Tittabawassee River downstream of the
Dow facilities are contaminated with dioxins having a congener
proﬁle that is rich in PCDFs. In both geographic areas there is con-
cern among the general public that living on contaminated soils
and river sediments contributes to the body burden of these com-
pounds. In addition, PCBs are present in the sediments of the Sag-
inaw River due to sources other than the Dow Chemical Company.
The goal of the UMDES is to identify and quantify exposure path-
ways from the environment in Midland/Saginaw Counties to the
serum of the population in the region. Large numbers of residents
were potentially exposed to very high concentrations of speciﬁc
congeners in soil. A population from an area 200 km away (Jackson
and Calhoun counties, Michigan), where there is no known point
source of dioxins was used as a comparison.
The study used a multistage, random population sample: the
946 participants were representative samples of the population
from the Midland/Saginaw and Jackson/Calhoun study areas. Lin-
ear regression models were used to identify factors that explained
the variation in participants’ serum dioxin levels (Garabrant et al.,
2009a). The regression model for the dioxin TEQ explained 69% of
the variation in serum dioxin concentrations in the population.
Demographic factors (including age, gender, BMI, weight loss,
breast feeding, and smoking) were the greatest factors in deter-
mining the dioxin TEQ concentration in the serum (Garabrant
et al., 2009b). The number of years lived in Midland/Saginaw be-
tween 1960 and 1979 was an explanatory variable for TCDD and
2,3,4,7,8-PeCDF, suggesting historical exposure (Fig. 4). When sub-
jects who lived in Midland/Saginaw at the time of interview (2005)
but not prior to 1980 were compared with subjects in Jackson/Cal-
houn, there was no difference in their serum TCDD levels at any
age. However, subjects who lived in Midland/Saginaw prior to
1980 had higher TCDD levels than those who lived in Jackson/Cal-
houn and those who lived in Midland/Saginaw only after 1980.
This indicates that exposures in the distant past (before 1980)
are important contributors to serum TCDD concentrations and that
exposures since 1980 play no demonstrable role.
Neither soil nor household dust dioxin concentrations were sig-
niﬁcant predictors of serum TEQ, TCDD, OCDD or PeCDF (Table 3).
Over 200 properties had OCDD and PeCDF soil concentrations
above 1000 ppt, with some over 10,000 ppt, indicating that even
at very high soil concentrations, there was no evident relationship
between soil and serum OCDD concentrations. There were some
small contributions from soil and household dust concentrations
(change in R2 < 1%) to the variance in serum concentrations forPCB 105 and PCB 118; however, this may not reﬂect a direct expo-
sure pathway from soil and dust. Instead, this may be indicative of
direct aerial exposure to ongoing sources of PCBs. Consumption of
cattle raised on highly contaminated soil was associated with ele-
vated serum PeCDF in a small number of residents who were reg-
ularly exposed to this source (Franzblau et al., 2010). This study
does not support a link between serum dioxin levels and living
on contaminated soil other than through the consumption of ani-
mal products raised on contaminated soil.7. Discussion
In this paper, a series of case studies involving assessment of di-
oxin in soils was used to examine the importance of problem for-
mulation in HHRA for soil exposures. This is shown conceptually
in Fig. 5, which is adapted from a workshop devoted more to dose
response assessment (ARA, 2012).
The problem formulation approach recommended by NAS
(2009) feeds into a tiered approach (Figs. 6–9), which includes:
(1) qualitative decision; (2) quantitative screening; and/or (3) in-
depth assessment. The case studies above highlight problems and
inconsistencies inherent to current practices for the second tier
for dioxins in soils. Speciﬁcally, default practices for soil screening
assessments, as utilized in US EPA’s interim remediation goals for
dioxin (US EPA, 2009a,b) are not well suited for DLCs. For example,
default practices for soil screening assessment focus on direct con-
tact with soils, despite the well-supported conclusions (based on
the works of Drs. Tohyama and Garabrant) that direct contact with
soil is not an important pathway for populations living on soils
with elevated concentrations. Additionally, default soil screening
practices utilize administered dose, despite the conclusion that
administered dose is not useful for persistent chemicals that bioac-
Table 3
Parameter estimates from 20 linear regression models showing the associations between log10 (serum dioxin concentration) and dioxins concentrations in soil and household
dust. There is no statistically signiﬁcant relationship between serum and soil dioxins for TCDD, OCDD, or PeCDF. There are weak relationships between serum and household dust
for PCB 105 and PCB 118. The magnitude of these relationships indicates that, for PCB 105, the serum level increases by 0.2% when the dust concentration increases by 1000 ppt.
For PCB 118, the serum level increases by 0.1% when the dust concentration increases by 1000 ppt.
Factor TCDD OCDD PeCDF PCB 105 PCB 118
Soil – house perimeter, top 1-inch n.s. n.s. n.s. a n.s.
Soil – highest concentration found in any sample on property n.s. n.s. n.s. n.s. n.s.
Soil – garden soil n.s. n.s. n.s. a n.s.
House dust n.s. n.s. n.s. b = 0.000001⁄ b = 0.0000005⁄⁄
n.s.: not signiﬁcant; ⁄⁄p = 0.008; ⁄p = 0.001.
a These results are signiﬁcant, but unstable (i.e., the signiﬁcance depends on only one, two or three inﬂuential observations).
Formulate Problem Plan & Conduct Manage Risk 
• Determine problems with 
conditions 
• Determine options for 
change 
• What assessments are 
necessary for risk options? 
• Plan assessment 
• Conduct assessment: 
- Hazard identification 
- Dose response 
assessment 
- Exposure assessment 
- Risk characterization 
• Confirm Utility 
• Determine 
- Option benefits 
- How options affect 
other decision factors 
- Justify decision 
regarding benefit, cost, 
and uncertainty 
- Communicate decision 
Fig. 5. Science and Decision, NAS (2009). Framework for risk assessment.
• What problems are associated with existing environmental 
conditions?  Do we have an exposure of concern?
• If existing exposure conditions appear to pose a threat to human or 
environmental health, what options exist for altering those conditions? 
• Under the given decision context, what risk and other technical 
assessments are needed to evaluate possible risk management options? 
PHASE 1: Problem Formulation & Scoping 
[Adapted from NAS (2009) Figure S-1]
In-Depth Assessment Qualitative  Decision Quantitative Screening 
Fig. 6. Problem Formulation and Scoping of the Alliance for risk assessment (ARA,
2012) workshop series: Beyond Science and Decisions.
Exposure and Endpoint Assessment 
•Identify potential exposure scenarios 
•Identify potential health effects  
•Consider strengths and uncertainties in data 
Qualitative Decision 
Exposure 
Assessment 
Use available data to 
assist management 
decision 
Vulnerable 
Populations 
Assessment 
Use available data to 
assist management 
decision 
Health Assessment 
Use available data to 
assist management 
decision 
Integration Results Reporting 
Fig. 7. Adapted from the qualitative decision framework of ARA (2012).
Exposure and Endpoint Assessment 
•Define exposure scenarios; get data on exposed populations 
•Identify adverse effects and chemical mode of action 
•Determine strengths and uncertainties in data 
Quantitative Screening Decision 
Exposure 
Assessment 
Use available data to 
determine upper 
bound exposures 
Vulnerable 
Populations 
Assessment 
Use available data to 
determine potential 
groups at risk 
Health Assessment 
Use available data to 
determine critical 
effect & action mode   
Exposure & Dose-Response Evaluation 
Based on the available information, estimate 
a health-protective exposure limit 
Results Reporting 
Fig. 8. Adapted from the quantitative screening decision framework of ARA (2012).
214 M.L. Dourson et al. / Regulatory Toxicology and Pharmacology 66 (2013) 208–216cumulate, which require an assessment in terms of an internal
dose measure (as illustrated by Dr. Haws). Lastly, default soil
screening practices emphasize early-life exposures (i.e., ages 1–
6 years), despite the fact that for some endpoints (e.g., tumor pro-
motion, some reproductive/developmental effects), later-life expo-
sures are expected to be more important for DLCs. These
inconsistencies are the direct consequence of not having a strong
problem formulation/scoping step at the beginning of the risk
assessment process. As a result, risk-based remediation decisions
for DLCs based upon default soil screening methods may
potentially result in large expenditures of resources without any
measurable reduction in exposure/risk.
By including an enhanced problem formulation/scope stage
early in the assessment process, possible solutions to addressing
the inconsistencies (as noted above) could be identiﬁed. For exam-
ple, given the results of Drs. Tohyama and Garabrant, less emphasis
need be placed upon direct exposure pathways, and this informa-
tion could be used to support a qualitative decision regarding
Exposure and Endpoint Assessment 
•Identify probabilistic exposure scenarios focusing on vulnerable populations 
•Identify adverse effects and their precursors and MOA 
•Identify exposures, endpoints or lifestages under-assessed 
In-Depth Assessment
Health Assessment 
Chose appropriate 
extrapolation based 
on MOAs and 
background disease 
Vulnerable 
Populations 
Assessment 
Identify vulnerable 
groups, considering 
exposures, endpoints 
and MOA 
Exposure 
Assessment 
Identify endogenous 
exposures & conduct 
probabilistic 
exposure scenarios   
  
Risk Characterization  
Integrated extrapolation with probabilistic 
exposure based on vulnerable populations 
Communicate 
characterization with 
uncertainties 
Fig. 9. Adapted from the in-depth decision framework of ARA (2012).
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ways (tier 1; Fig. 7). Alternatively, a general conceptual model
(as emphasized in Dr. Grifﬁn’s presentation) could be developed
for DLCs, which after taking into account information on the rela-
tive importance of various exposure pathways, would focus on the
pathways (e.g., dietary), endpoints, and populations of greatest
concern at a screening assessment level (tier 2; Fig. 8). Finally, a
decision could be made that screening level assessments are ill-
suited for DLCs, and that the potential exposures to these chemi-
cals can only be addressed with an in-depth assessment (tier 3;
Fig. 9), in which reﬁned approaches such as utilizing site-speciﬁc
information, internal dose measures (presentation by Dr. Haws),
and Monte Carlo methods (presentation by Mr. Kirman) can be
incorporated for the key pathways, endpoints, and populations of
interest. In so doing, these potential changes would help improve
utility of future risk assessments for DLCs in soils.8. Disclaimer
The research described in this article has been reviewed by US
EPA, Region 8, and approved for publication. Approval does not sig-
nify that the contents necessarily reﬂect the views and policies of
the Agency nor does mention of trade names or commercial prod-
ucts constitute endorsement or recommendation for use.9. Funding source
Funding for the symposium and subsequent work has been pro-
vided by a number of organizations including the Dow Chemical
Company, Toxicology Excellence for Risk Assessment (TERA), U.S.
Environmental Protection Agency (EPA), and the Kita City Admin-
istrative Ofﬁce in Tokyo, Japan.Conﬂict of interest statement
Several authors, MLD, BG, LCH, and CRK, currently provide or
have provided consulting services to the Dow Chemical Company.
Another author, DHG, is the principal investigator of a grant at the
University of Michigan which is funded by the Dow Chemical Com-
pany. The funder had no role in the study design, data collection,
analysis and interpretation, decision to publish or preparation of
the manuscript. The scientiﬁc conclusions derived from this re-
search solely represent the opinions of the individual authors.Acknowledgements
The authors wish to thank Robert Budinsky of the Dow Chemi-
cal Company for his thoughtful comments on early drafts and Mrs.
Ann Parker for her technical edit of the manuscript.
References
Aberg, A., Tysklind, M., Nilsson, T., MacLeod, M., Hanberg, A., Andersson, R., Bergek,
S., Lindberg, R., Wiberg, K., 2010. Exposure assessment at a PCDD/F
contaminated site in Sweden – ﬁeld measurements of exposure media and
blood serum analysis. Environ. Sci. Pollut. Res. 17, 26–39.
ARA (Alliance for Risk Assessment), 2012. Workshop reports and framework.
Available at http://www.allianceforrisk.org/ARA_Dose-Response.htm.
Aylward, L.L., Lakind, J.S., Hays, S.M., 2008. Derivation of biomonitoring equivalent
(BE) values for 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and related
compounds: a screening tool for interpretation of biomonitoring data in a risk
assessment context. J. Toxicol. Environ. Health A 71 (22), 1499–1508.
Dahlgren, J., Takhar, H., Schecter, A., Schmidt, R., Horsak, R., Paepke, O., Warshaw, R.,
Less, A., Anderson-Mahoney, P., 2007. Residential and biological exposure
assessment of chemicals from a wood treatment plant. Chemosphere 67, S279–
S285.
Demond, A., Franzblau, A., Garabrant, D., Jiang, X., Adriaens, P., Chen, Q., Gillespie, B.,
Hao, W., Hong, B., Jolliet, O., Lepkowski, J., 2011. Human exposure from dioxins
in soil. Environ. Sci. Technol. 46 (3), 1296–1302.
De Rosa, C.T., Brown, D., Dhara, R., Garrett, W., Hansen, H., Holler, J., Jones, D.,
Jordan-Izaguirre, D., O’Conner, R., Pohl, H., Xintaras, C., 1999. Dioxin and dioxin-
like compounds in soil, Part I: ATSDR policy guideline. Toxicol. Ind. Health 15
(6), 552–557.
Diliberto, J., Sirinek, L., Becker, J., Jude, D., Patterson, D., Turner, W., Burkhalter, B.,
Haws, L., Tachovsky, A., Landy, R., Birnbaum, L., 2010. Cohort of women living in
a highly industrialized area of Kanawha river valley in West Virginia:
endometriosis and blood levels of dioxin and dioxin-like chemicals. In:
Organohalogen Compounds; presented at Dioxin 2010, San Antonio, TX.
EFSA (European Food Safety Authority), 2004. EFSA Scientiﬁc Colloquium Summary
Report: Dioxins – Methodologies and principles for setting tolerable intake
levels for dioxins, furans and dioxin-like PCBs, 28–29 June 2004, Brussels,
Belgium.
Franzblau, A., Hedgeman, E., Jolliet, O., Knutson, K., Towey, T., Chen, Q., Hong, B.,
Adriaens, P., Demond, A., Garabrant, D.H., Gillespie, B.W., Lepkowski, J., 2010.
The University of Michigan dioxin exposure study: a follow-up investigation of
a case with high serum concentration of 2,3,4,7,8-pentachlorodibenzofuran.
Environ. Health Perspect. 118, 1313–1317.
Garabrant, D.H., Franzblau, A., Lepkowski, J., Gillespie, B.W., Adriaens, P., Demond,
K., Hedgeman, E., Knutson, K., Zwica, L., Olson, K., Towey, T., Chen, Q., Hong, B.,
Chang, C.W., Lee, S.Y., Ward, B., LaDronka, K., Luksemburg, W., Maier, M., 2009a.
The University of Michigan Dioxin Exposure Study: predictors of human serum
dioxin concentrations in Midland and Saginaw, Michigan. Environ. Health
Perspect. 117, 818–824.
Garabrant, D.H., Franzblau, A., Lepkowski, J., Gillespie, B.W., Adriaens, P., Demond,
A., Ward, B., LaDronka, K., Hedgeman, E., Knutson, K., Zwica, L., Olson, K., Towey,
T., Chen, Q., Hong, B., 2009b. The University of Michigan Dioxin Exposure Study:
methods for an environmental exposure study of polychlorinated dioxins,
furans and biphenyls. Environ. Health Perspect. 117, 803–810.
Hatﬁeld Consultants, 2009. Comprehensive assessment of dioxin contamination in
Da Nang Airport, Viet Nam: Environmental levels, human exposure and options
for mitigating impacts. Final Report, DANDI-II 1450.3. North Vancouver, British
Columbia, Canada.
Hays, S.M., Aylward, L.L., 2003. Dioxin risks in perspective: past, present, and future.
Regul. Toxicol. Pharmacol. 37 (2), 202–217.
JECFA (Joint UN Food and Agriculture Organization/WHO Expert Committee on
Food Additives), 2001. Joint FAO/WHO Food Standards Programme, In: 57th
Meeting, Rome, June 5–14. Summary and Conclusions. Available: http://
www.who.int/ipcs/food/jecfa/summaries/en/summary_57.pdf. Accessed 15-1-
2008.
Karouna-Renier, N.K., Rao, K.R., Lanza, J.J., Davis, D.A., Wilson, P.A., 2007. Serum
proﬁles of PCDDs and PCDFs, individuals near the Escambia Wood Treatment
Company Superfund site in Pensacola, FL. Chemosphere 69, 1312–1319.
Kimbrough, R.D., Falk, H., Stehr, P., Fries, G., 1984. Health implications of 2,3,7,8-
tetrachlorodibenzodioxin (TCDD) contamination of residential soil. J. Toxicol.
Environ. Health A 14 (1), 47–93.
Kimbrough, R.D., Krouskas, C.A., Carson, M.L., Long, T.F., Bevan, C., Tardiff, R.G., 2009.
Human uptake of persistent chemicals from contaminated soil: PCDD/Fs and
PCBs. Regul. Toxicol. Pharm. 57, 43–54.
Kirman, C., Budinsky, R.A., Yost, L., Baker, B., Zabik, J.M., Rowlands, J.C., 2011.
Derivation of soil clean-up levels for 2,3,7,8-tetrachloro-dibenzo-pdioxin
(TCDD) toxicity equivalence (TEQD/F) in soil through deterministic and
probabilistic risk assessment of exposure and toxicity. Hum. Ecol. Risk Assess.
17 (1), 125–158.
Lorber, M., Patterson, D., Huwe, J., Kahn, H., 2009. Evaluation of background
exposures of Americans to dioxin-like compounds in the 1990s and the 2000s.
Chemosphere 77 (5), 640–651.
NAS (National Academy of Sciences), 2009. Science and Decisions: advancing risk
assessment/Committee on improving risk analysis approaches used by the US
216 M.L. Dourson et al. / Regulatory Toxicology and Pharmacology 66 (2013) 208–216EPA, Board on Environmental Studies and Toxicology. The National Academies
Press, Washington, DC, USA, Division on Earth and Life Studies.
OEHHA (Ofﬁce of Environmental Health Hazard Assessment), 2011. Ofﬁce of
Environmental Health Hazard Assessment Toxicity Criteria Database. California
EPA. Available at: http://www.oehha.ca.gov/tcdb/.
Pirard, C., Eppe, G., Massart, A.C., Fierens, S., DePauw, E., Focant, J.F., 2005.
Environmental and human impact of an old timer incinerator in terms of dioxin
and PCB level: a case study. Environ. Sci. Technol. 39, 4721–4728.
Riss, A., Hagenmaier, H., Weberruss, U., Schlatter, C., Wacker, R., 1990. Comparison
of PCDD/PCDF levels in soil, grass, cow’s milk, human blood and spruce needles
in an area of PCDD/PCDF contamination through emissions from a metal
reclamation plant. Chemosphere 21, 1451–1456.
Simon, T., Aylward, L.L., Kirman, C.R., Rowlands, J.C., Budinsky, R.A., 2009. Estimates
of cancer potency of 2,3,7,8-tetrachlorodibenzo(p)dioxin using linear and
nonlinear dose-response modeling and toxicokinetics. Toxicol. Sci. 112 (2),
490–506.
Tohyama, C., Uchiyama, I., Hoshi, S., Hijiya, M., Miyata, H., Nagai, M., Nakai, S.,
Yauchi, M., Ohkubo, S., 2011. Polychlorinated dioxins, furans and biphenyls in
the blood of children and adults living in a dioxin-contaminated area in Tokyo.
Environ. Health Prev. Med. 16, 6–15.
US EPA (U.S. Environmental Protection Agency), 1991a. Risk assessment guidelines
for Superfund, Volume I – Human health evaluation manual. Part B,
Development of preliminary remediation goals. EPA/540/R-92/003.
US EPA (U.S. Environmental Protection Agency), 1991b. Risk assessment guidance
for Superfund, Volume I – Human health evaluation manual. Supplemental
Guidance, Standard Default Exposure Factors. OSWER Directive 9285.6-03.
Ofﬁce of Emergency and Remedial Response, Washington DC. Available at:
http://www.epa.gov/oswer/riskassessment/pdf/oswer_directive_9285_6-
03.pdf.
US EPA (U.S. Environmental Protection Agency), 1997. U.S. EPA Exposure Factors
Handbook (Final Report). U.S. Environmental Protection Agency, Washington,
DC, EPA/600/P-95/002F a-c, 1997. Available at: http://cfpub.epa.gov/ncea/cfm/
recordisplay.cfm?deid=12464#Download.US EPA (U.S. Environmental Protection Agency), 1998a. Guidelines for ecological
risk assessment. Ofﬁce of Research and Development, Washington, DC. EPA
630/R-95-002F.
US EPA (U.S. Environmental Protection Agency), 1998b. Approach for addressing
dioxin in soil at CERCLA and RCRA sites. OSWER Directive 9200.4-26. Ofﬁce of
Solid Waste and Emergency Response, Washington, DC, USA.
US EPA (U.S. Environmental Protection Agency), 2002a. Short Sheet: Overview of
the IEUBK model for lead in children. EPA #PB 99–9636-8.
US EPA (U.S. Environmental Protection Agency), 2002b. Denver front range study of
dioxins in surface soil. Summary Report. US Environmental Protection Agency
Region 8. Denver, Colorado.
US EPA (U.S. Environmental Protection Agency), 2003a. Framework for cumulative
risk assessment. Ofﬁce of Research and Development, National Center for
Environment Assessment, Washington, DC. EPA/630/P-02/001F.
US EPA (U.S. Environmental Protection Agency), 2009a. Draft recommended interim
preliminary remediation goals for dioxin in soil at CERLCA and RCRA sites.
Ofﬁce of Superfund Remediation and Technology Innovation, Washington, DC.
OSWER Directive 9200.3-56, December 30, 2009.
US EPA (U.S. Environmental Protection Agency), 2009b. Review of the University of
Michigan dioxin exposure study. National Center for Environmental
Assessment, Ofﬁce of Research and Development, Washington, DC 20460,
September, 2009.
US EPA (U.S. Environmental Protection Agency), 2010. Recommended toxicity
equivalency factors (TEFs) for human health risk assessments of 2,3,7,8-
tetrachlorodibenzo-p-dioxin and dioxin-like compounds EPA/100/R 10/005.
Ofﬁce of the Science Advisor Risk Assessment Forum Washington DC. Available
at: http://www.epa.gov/raf/ﬁles/tefs-for-dioxin-epa-00-r-10-005-ﬁnal.pdf.
US EPA (U.S. Environmental Protection Agency), 2011. Regional screening levels
tables. Available at: http://www.epa.gov/reg3hwmd/risk/human/rb-
concentration_table/Generic_Tables/pdf/master_sl_table_run_NOV2011.pdf.
Accessed January, 2012.
US EPA (U.S. Environmental Protection Agency), 2012. Integrated Risk Information
System (IRIS). Available at: http://www.epa.gov/iris/.
